Mutations in SH3TC2 (KIAA1985) cause Charcot-Marie-Tooth disease (CMT) type 4C, a demyelinating inherited neuropathy characterized by early-onset and scoliosis. Here we demonstrate that the SH3TC2 protein is present in several components of the endocytic pathway including early endosomes, late endosomes and clathrin-coated vesicles close to the trans-Golgi network and in the plasma membrane. Myristoylation of SH3TC2 in glycine 2 is necessary but not sufficient for the proper location of the protein in the cell membranes. In addition to myristoylation, correct anchoring also needs the presence of SH3 and TPR domains. Mutations that cause a stop codon and produce premature truncations that remove most of the TPR domains are expressed as the wild-type protein. In contrast, missense mutations in or around the region of the first-TPR domain are absent from early endosomes, reduced in plasma membrane and late endosomes and are variably present in clathrin-coated vesicles. Our findings suggest that the endocytic and membrane trafficking pathway is involved in the pathogenesis of CMT4C disease. We postulate that missense mutations of SH3TC2 could impair communication between the Schwann cell and the axon causing an abnormal myelin formation.
INTRODUCTION
Charcot-Marie-Tooth (CMT) disease is the most common inherited neuropathy with a prevalence of 28 in 100 000 (1, 2) . CMT refers to a clinically heterogeneous group of hereditary motor and sensory neuropathies that have as main clinical features progressive distal muscle weakness and atrophy, foot deformities and distal sensory loss. CMT is separated into two groups: CMT1 or demyelinating forms with slow nerve conduction velocities (NCVs , 38 m/s) and segmental demyelination and remyelination on nerve biopsies; and CMT2 or axonal forms with normal or nearly normal NCV and nerve pathology with signs of axonal degeneration. CMT also presents a wide genetic heterogeneity, not only because 26 genes and more than 30 loci have been described to be associated with it, but also because the disease may segregate with different Mendelian patterns. Most patients present autosomal dominant CMT, although some patients develop autosomal recessive forms, which are particularly severe and disabling from infancy, named CMT4 for demyelinating forms and ARCMT2 for axonal variants. CMT4C is an early-onset demyelinating form characterized by a severe scoliosis and is due to mutations in the SH3TC2 gene, also named KIAA1985 (3, 4) .
To date, a total of 19 SH3TC2 mutations have been identified in Caucasian non-Gypsy families from Turkey, Germany, Italy, Greece, Iran and UK (3-6). We have described two SH3TC2 mutations, p.R1109X and p.C737_P738delinsX, in a series of Spanish Gypsy families with a childhood-onset demyelinating CMT phenotype with autosomal recessive inheritance (7) , postulating a founder effect for the SH3TC2 p.R1109X in Gypsy population (7, 8) . Moreover, the p.R954X has been described as a founder event in the French-Canadian population (5) . As a result of the characterization of these mutations affecting a number of patients, SH3TC2 has gained interest in the field of CMT research. Very little is known about SH3TC2, apart from the fact that it is a conserved protein in vertebrates, with strong expression in brain, spinal cord and sciatic nerve, and somewhat weaker expression in skeletal muscles (3) . According to the presence of SH3 and TPR domains, the SH3TC2 protein probably interacts with other proteins and may be a constituent of multiprotein complexes (3) .
The molecular mechanisms leading to CMT are as diverse and complex as its genetics, and the CMT-related genes code for proteins with a wide variety of roles in nervous system cells. Alterations in many of them cause demyelinating neuropathies, although in some disorders the primary lesion occurs in the axon. Moreover, muscular weakness and atrophy in demyelinating forms is secondary to axonal impairment. CMT1A, the most frequent type of CMT (9) , is due to a duplication of 1.4 Mb that encompasses the PMP22 gene (10) . The PMP22 protein is a structural constituent of myelin and its overexpression leads to the formation of aggregates that alter the degradative pathway (11) . MPZ/P0, related to CMT1B, and connexin32 (Cx32), causative of CMTX1, are also components of the myelin (12, 13) . PMP22 and Cx32/GJB1 are regulated by SOX10 in synergy with EGR2 (14 -17) whose mutation leads to both CMT1D and CMT4E. Mitochondrial dynamics can be also impaired in CMT disease: MFN2 associated with CMT2A2, a dynamin-like GTPase involved in mitochondrial fusion, tethers endoplasmic reticulum membranes to mitochondria (18) and GDAP1, responsible for CMT4A and its allelic variants ARCMT2K and CMT2K, is required for mitochondrial fission (19 -21) . Other CMT proteins are involved in the regulation of protein synthesis, sorting and/ or degradation. LITAF/SIMPLE, causative of CMT1C, is a small integral protein of the lysosome/late endosome that plays a role in endosomal protein trafficking and degradation (22 -24) . MTMR2 and MTMR13/SBF2 responsible for CMT4B1 and CMT4B2, respectively, are both phospholipid phosphatase proteins found in the cytosol. MTMR2 could be implicated in intracellular trafficking through its phosphatase activity and is regulated by heterodimerization with inactive partners, such as MTMR13/SBF2 (25, 26) . Rab7, mutated in CMT2B (27) , and DNM2, responsible for dominant intermediate (DI) CMTB (28) , take part in a wide variety of cellular mechanisms, including membrane trafficking: Rab7 is a Ras-related GTP-binding protein involved in transport from early-to-late endosomes (29 -31) , and DNM2 is a fission protein that participates in endocytic vesicle formation and plays a role in membrane trafficking from the late endosome and Golgi (32 -35) . The knowledge of the many functions to which CMT proteins contribute, and therefore the elucidation of the disease process, is far from complete. One of the most common themes to many of the proteins, and the cellular events in which they participate, is the sorting and degradation of proteins and vesicles through the endocytic pathway.
In our clinical series, CMT4C is the most frequent form of inherited peripheral neuropathy in the Gypsy population (7). Here we show results of the mutation analysis of SH3TC2 gene in non-Gypsy families from such a series. As a first step towards understanding the pathogenic mechanisms of mutations, we have investigated the sub-cellular localization of SH3TC2 and its possible involvement with known cellular pathways. We have observed that SH3TC2 participates in the endocytic pathway of cell traffic and is also anchored to plasma membrane. We demonstrate that whereas null mutations do not affect proper localization of the truncated protein, missense mutations affect the correct localization of the protein in endosomes and plasma membrane.
RESULTS

Mutation screening of the SH3TC2 gene
Fourteen probands were screened for mutations in the SH3TC2 gene (see Materials and Methods). We found mutations in five of them, and two of these mutations were novel (Table 1 and Supplementary Material, Fig. S1 ). The first one, c.3305delA (proband ID no. 735), was homozygous. It causes a frameshift and a premature stop 14 codons downstream. The second one was found in proband ID no. 744, c.1906_1923delTGCTT TCTGGCCATCCGCinsAGGGCC, and was a compound heterozygous with the c.2860C.T change. This latter change is very interesting because it has been described to be a founder mutation in the French-Canadian population (5). We searched for both novel mutations in 200 chromosomes from healthy controls of Spanish ancestry and found neither, suggesting that they could be pathogenic. Among the rest of the already described mutations, proband ID no. 680, with an intermediate phenotype, carried the c.1586G.A change, which results in a missense p.R529Q mutation. In our series, we found two probands with the p.R1109X mutation, which is a founder mutation in Gypsies (7, 8) . These probands were unaware of any Gypsy ancestry, but after finding this mutation we took a more detailed history of the patients, which did reveal a Gypsy background in one patient. The other patient's origin could not be confirmed. Both probands belong to consanguineous families and we confirmed co-segregation of the DNA changes with phenotype in these two families.
Including our two novel mutations, the list of changes in SH3TC2 has grown to more than 20, including nonsense, missense and indels mutations. Little is known about the cellular and molecular role of the SH3TC2 protein, so we decided to embark in a functional study of this protein in a cell culture system.
Cloning and cell expression of the SH3TC2 cDNA
The longest transcript described for SH3TC2 codes for a 1288 amino acids protein (3). We obtained a cDNA with the same coding capacity by combining three partial cDNAs. The electronic annotation of the protein (SwissProt Q8TF17) reveals the presence of two SH3 and eight TPR domains. These two types of domain are involved in protein -protein interactions. In addition, we conducted an in silico analysis of the SH3TC2 sequence using the PSORT II software, which (36, 37) . To investigate the expression and sub-cellular localization of SH3TC2, we generated two-tagged versions, one with the myc tag at the N terminus (myc-SH3TC2) and one with the HA tag at the C terminus (SH3TC2-HA). We transiently transfected the corresponding plasmids into COS-7 cells and after 24 h, we analyzed the cellular localization by immunodetection with anti-myc and anti-HA antibodies using confocal microscopy. Surprisingly, the two-tagged proteins showed a completely different sub-cellular localization. myc-SH3TC2 showed a cytoplasmic pattern that was found to co-localize with endoplasmic reticulum (Fig. 1A) , whereas SH3TC2-HA co-localized with a plasma membrane marker (Na,K-ATPase) and also showed a perinuclear punctate pattern (Fig. 1B) . If wild-type SH3TC2 was myristoylated, N-terminal tagging would disrupt this modification, and therefore the normal pattern would be the one observed with the HA tag. An alternative explanation would be that the difference could be due to the nature of the two tags. We confirmed the same results using a GFP tag: the N-terminally tagged protein had an identical localization to myc-SH3TC2 and the C-terminally tagged protein localizes like SH3TC2-HA (data not shown). These results clearly indicate that the nature of the tag is irrelevant, but its position is not.
Our observations suggest that (i) SH3TC2 is targeted to cellular membranes, including plasma membrane and cytoplasmic vesicles and (ii) this targeting requires myristoylation at its N terminus. We set out to prove these two points.
SH3TC2 co-localizes with components of the endocytic pathway As we showed above, the SH3TC2-HA is co-localized with the Na,K-ATPase and also presented perinuclear localization in structures that resemble vesicles. To investigate the nature of these structures, we performed co-localization experiments using different antibodies for cytoplasmic organelles in COS-7 cells. Using well-described markers, we observed that SH3TC2 localizes to several components of the endocytic pathway. We found co-localization with the following markers ( Fig. 1C -E and further examples in Supplementary Material, Fig. S2 ): EEA1, a marker of early endosomes which is present in a vesicular pattern; mannose-6-phosphate receptor (M6PR), found in late endosomes and trans-Golgi network (TGN); and clathrin heavy chain (CHC), which is involved in vesicular trafficking between the plasma membrane, endocytic pathway and the TGN. In contrast, SH3TC2-HA did not co-localize with antibodies labeling the endoplasmic reticulum (GRP94), peroxisomes (PMP70) or lysosomes (LAMP1) (Supplementary Material, Fig. S3 ).
SH3TC2 is tethered to cell membranes by N-myristoylation at glycine 2
To determine whether the localization of SH3TC2 required N-terminal myristoylation, we generated a construct which lacks the first five amino acids after methionine SH3TC2(D2-6). This truncated protein showed a diffuse cytoplasmic pattern which was very similar to the myc-tagged version ( Fig. 2A) . When we investigated its co-localization with all the organellar markers that are associated to wild-type SH3TC2, we found that it did not colocalize with any of them. Although the diffuse pattern of the mutant protein results in some overlap with most perinuclear structures (including the structures marked by M6PR and CHC), there is no specific co-localization in particular structures, such as the one observed with the wild-type ( (38) . SH3TC2 contains glycines at positions 2 and 3, so to confirm that SH3TC2 needs to be myristoylated to reach its membrane localization, both glycines were independently mutated to alanine (p.G2A and p.G3A). As expected, p.G3A conserved the same pattern than the wild-type SH3TC2-HA (Figs 1B and 2E), whereas p.G2A showed an expression pattern which was undistinguishable from to SH3TC2(D2-6) and myc-SH3TC2 (Figs 1A and 2A, F).
To determine the degree of membrane association of SH3TC2, we performed a high speed centrifugation analysis. With this technique, soluble proteins are released in the supernatant, whereas membrane-associated proteins remain in the pellet. The strength of this membrane association is then tested by extraction with high salt and high pH conditions. Only proteins that are strongly associated will remain bound after these two treatments. Western blot analysis of the different fractions demonstrated that SH3TC2-HA was not present in the soluble fraction and that only a small amount of SH3TC2-HA was released with high pH, but not with high salt concentration (Fig. 3A) . For comparison, we studied two of the proteins that co-localized with SH3TC2: the membrane-associated protein EEA1 is released into the soluble fraction, and the integral membrane protein Na,K-ATPase shows membrane association similar to SH3TC2. Therefore, we can conclude that SH3TC2 is strongly associated with cellular membranes. In contrast, part of SH3TC2(D2-6) was released into the soluble fraction. Still, about half of the protein remained membrane-bound indicating that association with membranes is not exclusively through myristoylation and could also be mediated by direct protein -protein interactions.
To obtain independent support for a plasma membrane localization of SH3TC2-HA, we prepared sub-cellular fractionation using sucrose gradient centrifugation. Western blot analysis of the fractions showed the presence of SH3TC2 in the plasma membrane fraction obtained from COS-7 (Fig. 3B) or HeLa cells (data not shown). The strongest band of SH3TC2 overlaps with the strongest band of Na,K-ATPase and caveolin-1, this last also associated with lipid rafts.
The possible association of SH3TC2 with lipid rafts is an interesting possibility, given that its plasma membrane localization is not homogeneous and seems to be enriched in certain areas. To investigate the presence of SH3TC2 in lipid rafts, we transfected COS-7 cells with SH3TC2-HA and processed the membrane pellet by a flotation gradient experiment. With this technique, proteins associated with lipid rafts are recovered mainly in the lightest density fractions. Western blot analysis showed that a small amount of SH3TC2-HA is released in the lowest density fractions, corresponding to the purified lipid rafts (Fig. 3C, lanes 1 and 2) . As expected, caveolin-1 was accumulated in the low-density fractions. This finding indicates that at least part of the SH3TC2-HA protein is associated with these membrane domains. The SH3 and TPR domains are also involved in anchoring SH3TC2 to the cell membranes
The previous results demonstrated that SH3TC2 is strongly associated with membranes and that SH3TC2 needs to be myristoylated to efficiently localize to cellular membranes, but they also disclosed association with membranes in the absence of myristoylation. To understand other requirements for the anchoring of SH3TC2 protein, we generated a series of constructs containing engineered deletions (Fig. 4A) . A truncated protein lacking all SH3 and TPR domains, conserving only the first 180 amino acids (DSH3DTPRs) did not co-localize with plasma membrane (Fig. 4B ) nor with transGolgi vesicles (Fig. 4C ), but presented a cytoplasmic localization with a punctate pattern that co-localized weakly with both early and late endosomes (Supplementary Material, Fig. S4A and B). Deletion of either the two SH3 domains (DSH3) or the C-terminal TPR domains (DTPR) did not affect normal localization ( Fig. 4D -G All three premature termination codon mutations and the missense mutation p.A758D showed the same pattern as the wild-type SH3TC2-HA (data not shown). However, the remaining three missense mutations displayed some differences with the localization of the canonical SH3TC2. p. R529Q had a variable pattern. In some cells, its distribution was similar to the wild-type, but a high proportion of cells showed abnormal localization. Most cells showed strong reduction or absence from the plasma membrane, in fact we did not find co-localization with Na,K-ATPase (Fig. 5B) . Co-localization with CHC (Fig. 5C) showed a variable cellular localization in the trans-Golgi, but more striking complete absence from cytoplasmic endosomes ( Fig. 5D and E) . A similar pattern, although slightly less severe, was observed for p.E657K (Fig. 5F-I ) and p.R658C ( Supplementary  Material, Fig. S5 ) mutations. The similarity in the localization pattern of these three mutant proteins seems to indicate that the region comprising the first-TPR domain is important for the localization of SH3TC2. To investigate this, we generated a construct that included only the region of the first-TPR Figure 3 . SH3TC2 is strongly associated with cellular membranes. For each experiment, COS-7 cells were transfected with plasmid encoding HA-tagged versions of SH3TC2 (A-C) and SH3TC2(D2-6) (A). (A) Cell lysates were centrifuged at 100 000g to produce soluble fraction (S100). The membrane-associated pellet was sequentially extracted with high salt buffer (S100/NaCl), high pH buffer (S100/Na 2 CO 3 ), and the final pellet was solubilized with RIPA buffer. domain fused to the N terminus and excluded any other SH3 and TPR domains (myr-TPR1, Fig. 4A ). This extremely streamlined version of the protein can still localize to the same structures as the complete wild-type protein ( Fig. 4H -I ; Supplementary Material, Fig. S4G -H) . Therefore, the first-TPR repeat is necessary for the proper cell localization and/or function of SH3TC2.
DISCUSSION
CMT disease is an extremely heterogeneous disease, both at the clinical and at the genetic levels. To date, 26 genes have been found to be associated with CMT and they encode proteins with a broad spectrum of functions. CMT4C is caused by mutations in the SH3TC2 gene (3). As a first step to understand the pathogenesis of CMT4C, we have investigated the intracellular localization of SH3TC2 in a cell culture system. As we do not have an antibody that can recognize the protein, we have labeled the coding sequence of SH3TC2 with a non-disruptive peptide tag. Our results have disclosed that SH3TC2 is located to structures of the endocytic pathway, namely clathrin-coated vesicles, including the TGN, early endosomes and late endosomes, and discrete domains of the plasma membrane. Analysis of the SH3TC2 sequence revealed a putative N-myristoylation signal. N-myristoylation is a co-translational modification in which the start methionine is removed and a myristate is linked to glycine 2 (38). Proteins with myristate are able to interact reversibly with other proteins as well as cellular membranes (40) . Through immunofluorescent localization in cells and biochemical tests using wild-type and mutated versions of SH3TC2, we have shown 
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Human Molecular Genetics, 2009, Vol. 18, No. 23 that this protein is strongly associated with cell membranes: it is purified in membrane-containing fractions and its association is resistant to high salt and high pH extractions. At least some of the protein present in the plasma membrane is associated with lipid rafts. To achieve this strong membrane association, myristoylation is required. When myristoylation is prevented, the protein loses its membrane localization and appears associated with the endoplasmic reticulum, where some misfolded or mutant proteins are targeted for degradation. Western blot analysis of membrane fractionation showed that even in the absence of myristoylation, some protein is still bound to membranes. This observation suggests that other domains of SH3TC2 may be involved in localization. SH3TC2 receives its name because of the presence of two types of domains: SH3 and TPR (3). These are prime suspects as mediators for the localization of SH3TC2, as both domain families are involved in protein -protein interactions. SH3 domains participate in the binding to proline-rich regions in other proteins, and TPR domains, usually present in tandem repeats, mediate protein -protein binding and multiprotein complex formation in many different contexts (41 -44) . An N-terminal protein fragment containing the N-myristoylation motif, but lacking SH3 and TPR motifs was not able to maintain the cellular localization of the wild-type SH3TC2. In contrast, deletion of either the SH3 or the TPR domains only had no effect in protein localization, indicating that myristoylation and the presence of one of these domain families was sufficient to target the protein to its proper location. Most striking, a construct containing only the N terminus and just the first-TPR motif is able to localize normally. These observations suggest that probably both the SH3 and the TPR domains mediate interactions of SH3TC2 with other proteins. SH3 domains have been described to be involved in different instances of clathrin-mediated vesicle endocytosis, including synaptic vesicle recycling (reviewed in 45, 46) .
The endosomal protein sorting is a complex and highly dynamic process in which proteins are transported, recycled and degraded, according to their allocated fate. This process can be both regulated and constitutive. The endosomal compartments consist of early endosomes that can be subdivided into sorting endosomes (SEs) and recycling endosomes, late endosomes and lysosomes (47) . The SEs can have three different destinations: the plasma membrane, the TGN and the lysosomes (47) . In addition, there is a bi-directional traffic between the endosomes and TGN (47 -49) . There is a clear link between known CMT proteins and the process of endocytosis, and sorting from the trans-Golgi to the endocytic compartments (50) . These include membrane trafficking regulators such as the MTMR2 and MTMR13 myotubularins (51), the GTPases DNM2 (28) and Rab7 (52) and the ubiquitin ligase LITAF (24) . Some other important CMT proteins are among the cargo to be carried by the endocytic and sorting system, mainly the myelin components MPZ and PMP22. In the most prevalent form of CMT, CMT1A, caused by the PMP22 duplication, it has been observed that at least part of the pathology is due to alterations in intracellular trafficking and degradation of membrane proteins caused by the overexpression of PMP22 protein (53) . We have established that SH3TC2 is located in some of the components of the endocytic pathway, in a fashion that is dependent on myristoylation and protein interactions mediated by SH3 and TPR domains. At this stage, we cannot determine whether it participates in the trafficking machinery or whether it is dependent on this machinery to reach its destination. Our main goal is to understand the pathogenesis of CMT4C. To this end, we decided to study some disease-associated mutations. Three of the missense mutations, p.R529Q, p.E657K and p.R658C, are clustered around the first-TPR domain, whereas a fourth one, p.A758D, is downstream of these. Interestingly, the first three mutations have an effect on protein localization. This effect is variable, but in the most extreme cases implies an important reduction in plasma membrane localization and a complete absence from cytoplasmic vesicles of all types where SH3TC2 is normally present. As for the TGN domain, we observed a variable perinuclear location for p.R529Q, and a strong retention of perinuclear location in the cases of p.E657K and p.R658C, which co-localized with clathrin-coated pits of the TGN. These observations suggest that the region of the first-TPR domain is essential for the localization of the protein. This conclusion is reinforced by our observation that a construct with the N-terminal portion and the first-TPR domain can localize correctly. Still, we cannot discount that the effects of these mutations go beyond protein localization and may alter function as well. In comparison with the other three missense mutations, it is striking that the p.A758D mutation does not alter the cellular localization of SH3TC2. This change was identified in a sporadic case with a demyelinating CMT form and a second disease-causative mutation has not been found in the SH3TC2 gene (39) . Mutations in other CMT genes (PMP22, MPZ, GJB1, GDAP1, SIMPLE and EGR2) were also excluded. The SH3TC2 p.A758D mutation was screened in 101 healthy individuals and was not detected providing additional support that this change could be pathological. However, in the light of our results, it is possible that it is a polymorphism, and mutations in an as yet unidentified CMT gene are responsible for the disease.
In contrast, none of the three nonsense mutations (p.C737_P738delinsX, p.R954X and p.R1109X) showed any alteration in localization when compared with the wild-type. This result is not surprising, since our engineered construct lacking the C-terminal half of the protein was localized correctly. We assayed these proteins through directed mutagenesis of cDNAs, but in their native context, the mutant transcripts are probably degraded by the nonsense-mediated mRNA decay pathway. Therefore, the issue of whether they can be correctly localized or not is probably irrelevant for the pathogenesis of CMT4C.
The dynamic communication between Schwann cells and axons is fundamental for the correct function of the peripheral nerve. Nerve biopsies from CMT4C patients show demyelinated fibers that are usually surrounded by basal lamina onion bulbs (6). As we have discussed above, several CMT proteins are involved in endocytosis and trafficking of membrane components from the TGN to the endocytic compartments. These proteins are relevant for the maintenance and formation of the myelin (50) . In addition, endocytosis is strongly implicated in the regulation of signal transduction (54) . We propose that SH3TC2 is a relevant protein of the Schwann cell physiology and molecular defects of this protein could alter its proper function in the endocytic pathway causing demyelinating neuropathy.
MATERIAL AND METHODS
Patients
Our clinical series comprise 177 Caucasian non-Gypsy patients who suffer from CMT, supervised at the Neurology Service of the University Hospital La Fe. Diagnostic criteria for demyelinating CMT were median NCV under 38 m/s and nerve fiber demyelination with proliferation of Schwann cells forming 'onion bulbs'. Patients with NCV between 30 and 40 m/s and nerve pathology with both axonal and demyelinating features or undefined were classified as intermediate CMT. Eighty-eight probands were diagnosed with a demyelinating neuropathy and two patients with an intermediate form.
A previous mutational screening of the CMT genes PMP22 (CMT1A duplication and point mutations), MPZ, GJB1, GDAP1, SIMPLE, NEFL, EGR2, PRX and FIG4, allowed us to identify the causative mutations in 77 patients with demyelinating features. The remaining 11 probands and the two patients with an intermediate form were included in a search for mutations in the SH3TC2 gene. In addition, we included in this study a patient (ID no. 744) for whom a clinical diagnosis of CMT4C was suspected whose sample was sent to us to perform a genetic test. The series was distributed as follows: ten simplex and four multiplex families. All patients and relatives were aware of the investigative nature of the studies and gave their consent.
Mutation screening of the SH3TC2 gene
The 17 exons of the SH3TC2 gene and their flanking intronic sequences were amplified using primers as described elsewhere (3). Mutation screening was performed by Denaturing High Performance Liquid Chromatography (DHPLC; Transgenomic WAVE, Inc., San José, CA, USA) and those PCR products showing anomalous DHPLC patterns were sequenced in an ABI Prism 3130Âl autoanalyser (Applied Biosystems,
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Foster City, CA, USA). Sequence alignment and analysis were carried out with the BLAST program (55) .
Cloning of SH3TC2
The full-length SH3TC2 transcript contains an ORF of 1288 codons (3) and the corresponding protein contains two SH3 domains and eight TPR domains (SwissProt Q8TF17). To obtain a cDNA with the same coding region, we proceeded as follows. We amplified a 3344 bp fragment by PCR on a human brain cDNA library (cat.10410-010 Invitrogen, Carlsbad, CA, USA), which comprises from position 565 from the start codon, within exon 6, to the 3 0 -UTR region (forward primer 5 0 -ccaccagccgagaaggaagg-3 0 , reverse primer 5 0 -agtctggccatgccaaatgtcc-3 0 ). This fragment was cloned into the pGEM-T vector (Promega, Madison, WI, USA) resulting in plasmid pGEM-T::3344. The N-terminal region from the start codon to position 564 was obtained from two image clones (GeneService Ltd, UK). The first IMAGE clone (ID: 6048901) contained from the 5 0 -UTR to exon 5. The second (ID: 6055718) contained from the exon 1 (at position 43 from ATG codon) to the exon 8 region. A BpiI-BamHI restriction fragment was eliminated from the second clone and substituted by with a BpiI-BamHI from the first clone, thus obtaining an uninterrupted ORF from the start codon through to exon 8. To generate the full length ORF, a SacII-BsmI fragment from this hybrid sequence containing the N-terminal portion was cloned into pGEM-T::3344 digested with the same enzymes (pGEM-T::SH3TC2).
We performed an in silico analysis of the human SH3TC2 protein Q8TF17 using the protein knowledgebase UniProtKB (http://www.uniprot.org) and the PSORT II software (http ://psort.ims.u-tokyo.ac.jp).
Plasmid construction and site-directed mutagenesis
For the synthesis of the tagged versions of SH3TC2 (SH3TC2-GFP, GFP-SH3TC2, SH3TC2-HA and myc-SH3TC2), the coding sequence of SH3TC2 was first amplified by PCR from pGEM-T::SH3TC2. For each construct, a pair of primers was designed, containing adapters with restriction sites that allowed in-frame cloning in the relevant vector. These vectors were pEGFP-C1, pEGFP-N1 and pCMV-myc from Clontech (Mountain View, CA, USA), and pcDNA3-HA, a vector derived from the Invitrogen pcDNA3 kindly donated by D. Barettino. The sequences for the primers used for the synthesis of each one of these constructs are given in Supplementary Material, Table S1 .
The SH3TC2-HA constructs carrying the mutations D2-6, DSH3DTPRs and DTPR were made by inserting the sequence of interest, amplified from the pGEM-T::SH3TC2 plasmid by PCR, into the pcDNA3-HA vector, resulting in the corresponding defective ORFs fused to a C-terminal HA tag. The primer sequences are given in Supplementary Material, Table S1 .
The DSH3 mutation was generated in two segments, N-terminal and C-terminal to the SH3 domains, respectively. Each segment was obtained by PCR from pGEM-T::SH3TC2 (primer sequences in Supplementary Material, Table S1 ). Then, a KpnI-EcoRI fragment from the N-terminal amplicon and an EcoRI -EcoRV fragment from the second one were sequentially cloned into the pcDNA3-HA vector backbone. Any mutations introduced as a consequence of including the restriction site were removed by site-directed mutagenesis as described below. The resulting plasmid was pcDNA3-HA::DSH3. The myr-TPR1 segment was obtained by amplification from pcDNA3-HA::DSH3 plasmid by PCR into the same vector pcDNA3-HA.
The SH3TC2 variants p.G2A and p.G3A and the disease-associated mutations (p.R529Q, p.E657K, p.R658C, p. C737_P738delinsX, p.A758D, p.R954X and p.R1109X) were generated by site-directed mutagenesis with specific primers containing the nucleotide changes and following the instruction manual from QuickChangeTM Site-Directed Mutagenesis kit (Stratagene). The sequences of all the constructs were confirmed by automated DNA sequencing in an ABI Prism 3130XL autoanalyser (Applied Biosystems).
Cell culture, immunocytochemistry and microscopy COS-7 or HeLa cells were grown in a humidified incubator with 5% CO 2 at 378C in DMEM containing 10% (v/v) fetal bovine serum (FBS) supplemented with 2 mM glutamine, 100 IU/ml penicillin and 100 mg/ml streptomycin (Invitrogen). To carry out the protein expression and co-localization analysis, 100 000 COS-7 or 200 000 HeLa cells were cultured in six-well plates on glass coverslips. Next day, when they reached 70-80% confluency, we transfected them with the CAPHOS kit (Sigma-Aldrich, St Louis, MO, USA) using 5 mg of plasmidic DNA. We used lipofectamine (Roche) for HeLa cells, using a ration of 5 ml lipofectamine for each 2 mg of plasmid DNA. Western blot analysis was performed after transfection of each construct to test the integrity of the expressed protein and to ensure that the different constructs were expressed at similar levels.
For co-localization studies, cells were fixed and processed for immunofluorescence microscopy 24 h post-transfection. Briefly, cells were fixed in 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS) for 15 min or in methanol for 20 min at 2208C, permeabilized in 0.5% (w/v) Triton X-100 in PBS for 30 min, blocked with 10% (v/v) FBS/0.1% (w/v) Triton X-100/0.5% (w/v) BSA in PBS for 1 h and then probed with primary antibodies diluted in blocking solution. The following primary antibodies were used: mouse monoclonal anti-Na,K-ATPase for plasma membrane (Abcam, Cambridge, UK; used at 1:100); rabbit polyclonal anti-GRP94 (Abcam; used at 1:100) for endoplasmic reticulum; mouse monoclonal anti-CHC for clathrin-coated vesicles (BD Biosciences, San Jose, CA, USA, used at 1:50); mouse monoclonal anti-EEA1 for early endosomes (BD Biosciences; used at 1:100); mouse monoclonal anti-M6PR for late endosomes (Abcam; used at 1:250); polyclonal rabbit anti-PMP70 for peroxisomes (Invitrogen; used at 1:100), anti-LAMP1 clone H4A3 for lysosomes (developed by J. Thomas August and James E.K. Hildreth, obtained from the Developmental Studies Hybridoma Bank, University of Iowa; used at 1:30). The secondary antibodies used were goat anti-mouse or goat anti-rabbit immunoglobulins coupled to Alexa Fluor 488 or Alexa Fluor 633 (Invitrogen; used at 1:250). The samples were mounted in Fluoromount-G 
Membrane fractionation, lipid raft purification
To perform crude membrane preparation and the subsequent sucrose gradient fractionation from COS-7 or HeLa cells, we used previously described procedures (56) with minor modifications. Details are available upon request.
To analyze the possible interaction of SH3TC2-HA with membranes, we performed a high-speed centrifugation analysis. COS-7 cells transfected with pCDNA3-HA-SH3TC2 were scraped from 100 mm dishes 24 h after transfection and washed twice with PBS. The cells were then resuspended in 1 ml of lysis buffer (10 mM Tris-HCl pH 7.4, 2.5 mM MgCl 2 , protease inhibitors) and transferred to ice for 15 min. Cells were lysed with 25-40 strokes of a dounce homogenizer and the lysate was gently layered over a sucrose cushion (0.5 M sucrose, 10 mM Tris -HCl pH 7.4, 2.5 mM MgCl 2 ). Nuclei and debris were discarded by centrifugation at 5000g for 10 min at 48C. The upper layer consisting of cytoplasmic extract was collected and was centrifuged at 100 000g for 1 h in a MLA-130 rotor (Beckmann), resulting in a soluble supernatant and pellet containing membranes and membrane-associated proteins. The pellet was resuspended in 100 ml of high-salt buffer (10 mM Tris -HCl pH 7.4, 750 mM NaCl, with protease inhibitors) and centrifuged for 1 h at 100 000g yielding a highsalt supernatant and pellet. This pellet was then resuspended in 100 ml of high pH buffer (10 mM Tris-HCl pH 7.4, 100 mM Na 2 CO 3 , with protease inhibitors) and centrifuged for 1 h at 100 000g yielding a high pH supernatant and final pellet. The final pellet was resuspended in 100 ml of RIPA buffer (50 mM Tris-HCl pH 7.4, 5 mM DTT, 150 mM NaCl, 1% NP-40, 0.5% deoxycholate). Equal cell equivalents were resolved by SDS -PAGE and the relevant proteins were detected by western blot analysis.
Flotation gradients to purify raft proteins were also performed with COS-7 24 h post-transfection. The cell pellet was lysed in 500 ml of TNE buffer (50 mM Tris -HCl pH 7.4, 150 mM NaCl, 5 mM EDTA, with protease inhibitors) by 25-40 strokes of a dounce homogenizer. After discarding the unbroken cells and debris, the clear lysate was incubated with Triton X-100 (1% final) for 30 min on ice. After the extraction with Triton X-100, the lysate (400 ml) was adjusted to 40% Optiprep by adding 800 ml of Optiprep solution (Sigma-Aldrich) and overlaid with 2.4 ml of 30% Optiprep in TXNE (TNE, 0.1% Triton X-100) and 400 ml of TXNE. The samples were centrifuged at 164 000 g for 18 h in a SW60Ti rotor (Beckmann). Fractions were collected from the top, precipitated by adding two volumes of 15% trichloracetic.
All samples were analyzed by SDS/PAGE and western blotting. To perform western blot analysis, the following antibodies were used: rabbit polyclonal anti-HA (Sigma-Aldrich; used at 1:1000), mouse monoclonal anti-Na,K-ATPase (Abcam; used at 1:1000), rabbit polyclonal anti-Caveolin-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; used at 1:1000) and mouse monoclonal anti-EEA1 for early endosomes (BD Biosciences; used at 1:1000).
